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ABSTRACT
Dredging of the harbor at Stocking Island, Bahamas (23°31’45”N, 75°49’41”W) in
1942 produced four dredge piles of cross-bedded aragonite skeletal sand. The spoils
piles are on the leeward (western) shore of the island, where they are subject to minimal
wave energy. Collectively they are 350 x 50 m in plan view and 2 m high. The surface is
very well cemented, which requires a hammer and chisel for sampling.
Samples were collected from six sites at various locations of the dredge pile.
Samples were analyzed for both chemical and physical properties using thin-section
examination, X-ray diffraction, X-ray fluorescence, bulk density measurements, isotopic
analyses, and scanning electron microscopy.
The skeletal sands are mostly spherical to prolate shape, are reverse graded, and
range in size from 0.5–2.0 mm over a depth interval of 1.5 m, with gravel to cobblesized material dispersed intermittently throughout the interval. This deposit is capped
with a 4–6 cm-thick crust of thoroughly micritized aragonite grains completely cemented
with 4 micron calcite spar. Beneath this crust, micritized aragonite grains are cemented
by sparry calcite cements with meniscus and isopachous textures. The amount of
cement ranges from 7-16%. Cement volume decreases with depth; the deepest
samples contain meniscus cements only. There are very subtle dissolution features on
the surface of individual grains.
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Reverse grading caused by grainflow occurred when these micritized skeletal sands
were moved from their marine setting and debauched into the meteoric vadose
environment. Calcite cementation proceeded from the surface downward; meniscus
cement preceded isopachous cement. The source of carbonate for the cements is
internal to the spoils piles. In this example of aragonite sand in the very early stages of
mineralogical stabilization in a meteoric vadose environment, rapid cementation clearly
occurred first. It is anticipated that mineralogical stabilization of the grains from
aragonite-to-calcite will follow.
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1. INTRODUCTION
Recent carbonate sediments, which all originate in an aqueous environment, remain
relatively unchanged until they are exposed to meteoric waters after being subareally
exposed. Once exposed to these meteoric waters, rapid dissolution of the CaCO 3
begins and often precipitation of new minerals begins (James and Choquette, 1990).
According to James and Choquetts (1990), this early stage of diagenesis has been
studied more than any other of the diagenetic environments, but experts in the field of
carbonate diagenesis are only reasonably confident in their understanding of the
processes which occur above the water table. The rate of cementation and lithification
has implications for sequence stratigraphy including rate of sediment shedding during
sea level low-stands. Understanding the diagenetic processes which occur above the
water table can lead to a better understanding of how geologically rapid the process of
carbonate cementation can be.
On Joulter’s Cays, in the Bahamas, a completely lithified oolite was formed in
approximately 1,000 years when the shallow marine environment was subaerially
exposed (Halley and Harris, 1979). If allowed to progress and exposed to many of the
same climatic influences, it is possible that the same lithifying processes could
accomplish similar cementation and mineralogic alteration with a recently exposed
storm deposit in much the same manner and on a similar time scale. While a change in
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sea level will result in exposing marine sediments relatively quickly, a storm could
deposit and expose sediments in a matter of days, if not hours. This geologically
instantaneously time frame would allow a mechanism in which these diagentic
processes could begin immediately and in modern times allow for the exact dating of
various diagenetic processes. An analog of a modern storm deposit could be manmade, such as a deposit of freshly dredged sands left exposed to subaerial conditions
on a beach. One such example exists in the Bahamas (Kindler and Mazzolini, 2001).
Personal communications with three local inhabitants of Great Exuma Island indicate
that during the process of establishing a naval base in the Bahamas on Great Exuma
Island in 1942, the United States Navy created three spoils piles from dredging activities
on and near Great Exuma Island (Figure 1). In preparation for construction, it was
necessary to dredge Great Exuma Sound, an area of current carbonate deposition.
This dredging allowed for the passage of large naval warships, in particular aircraft
carriers. Dredgings were deposited at several locations on both Stocking Island and
Great Exuma Island (Figure 2). One site of deposition is situated on the western shore
of Stocking Island as four separate piles collectively measuring approximately 350 x 50
meters in plan view and approximately 2 meters high near the centers. The dredge pile
examined in the current study was deposited on Stocking Island at approximately 23°
31’ 45” N, 75° 49’ 41” W .
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Figure 2. Great Exuma and Stocking Islands: A) Great Exuma Island B) Stocking
Island
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In less than 65 years, the upper 100 cm of these carbonate dredgings on Stocking
Island, Bahamas has lithified and exhibits significant amounts of carbonate vadose
cements. This study describes the progression of cementation of the dredge piles on
Stocking Island. Qualitative and quantitative properties of the sediments comprising the
dredged sediments are described and compared to the work of Halley and Harris (1979)
and Kindler and Mazzolini (2001). The findings in this study support the conclusion that
cementation in a subareally exposed carbonate sediment accumulation is not only
geologically rapid, but initial cementation can proceed at a greater rate than previously
described.
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2. GEOLOGIC SETTING
2.1 Geologic Setting of the Bahamas
The Commonwealth of the Bahamas is an extensive archipelago of carbonate
islands in the western North Atlantic Ocean. This archipelago consists of a series of
shallow banks, less than 10 m above sea level that covers 300,000 km2, which only
11,400 km2 is subaerially exposed land. There are 29 islands and 661 cays in the
Bahamas (Vacher and Quinn, 1997).
The Bahamas exhibit a variety of carbonate bank features. The largest, which is the
Great Bahama Bank, is located southeast of the continental United States and is
separated from the United States by the Straits of Florida. While much of the Bahamas
are located on the Great Bahama Bank, there are much smaller banks in the
southeastern portion of the island chains (Carew and Mylroie, 1997).
The formative processes of the Bahamas are interpreted to be modern analogs of
ancient carbonates which host producing oil and gas reserves worldwide. The
lithofacies of the Great Bahama Bank vary greatly from that of the smaller banks to the
southeast. The variations are due to the large fluctuations of sediment accumulation
rate, depositional cycles, and sediment types. These differences are a result of
parameters such as orientation to ocean currents and trade winds (Carew and Mylroie,
1997).

5

Most of the major islands have a majority of Pleistocene rocks exposed with a small
amount of Holocene rocks and sediments around the fringes. However, there are a few
examples of islands made up entirely of Holocene sediments and rocks (Carew and
Mylorie, 1997). A few of these islands, such as Joulter and Schooner Cays are
relatively large, but most are little more than exposed shoals which consist of intertidal
and back dune facies that are essentially the same as modern sediments. Cementation
is by freshwater meniscus cements that are vertically and laterally variable, with the
greatest cementation rates occurring beneath the water table (Carew and Mylroie,
1997).
2.2 Geologic Setting of the Exuma Island Chain
The Exuma Island chain, known as the Exumas, its channels, and sand shoals all lie
less than 2 km from the steep-sided and flat-topped carbonate platform of Great
Bahama Bank (Harris, 2010). The Exumas extend southeasterly, commonly in groups
of three islands which parallel each other. The Exumas are primarily composed of
Pleistocene and Holocene carbonate sands (Harris, 2010). Comprised mostly of ooid
and peloid sands, the sediments are predominantly deposited as lobate tidal deltas
associated with the tidal channels. These tidal channels flow through the interisland
gaps and host the types of material that was dredged from the sound to create the
Stocking Island dredge piles. The ooid and peloid sands also accumulate along
beaches and occasionally in sinuous bars (Harris, 2010).
2.3 Geologic Setting of Stocking Island
Carbonate islands are categorized by four intrinsic properties: areal extent, amount
of carbonate, facies, and age (Vacher and Quinn, 1997). The classification of a “very

6

small island” is reserved for islands with an aerial extent of less than 100 km2. The
areal extent of Stocking Island is approximately 7 km long and 1 km wide, placing it in
the areal classification of a “very small island” (Kindler and Mazzolini, 2001). The areal
extent of an island is important because it controls the volume of meteoric water
available. The volume of meteoric water available influences cementation processes
and hydrogeologic concerns involved in the movement of sufficient amounts of meteoric
waters through the system (Vacher and Quinn, 1997). The amount of carbonate
composing an island also provides a method of classification. Being a part of an
isolated carbonate platform, Stocking Island is a purely carbonate island with no
siliciiclastic sources. The island facies classifications are broad categories ranging
through reef, eolianite (lithified rock of aeolian origin) or other (Vacher and Quinn,
1997). The lack of a volcanic or reef basement and the obvious eolianite features allow
for designation of Stocking Island as an eolianite island (Vacher and Quinn, 1997).
Carbonate islands can also be categorized by their age. The sediments and rocks of
Stocking Island are young, ranging from Pleistocene to Holocene and are composed
primarily of parabolic late Pleistocene dunes and linear ridges. The Holocene is
represented in a 30 m-high dune that is the most elevated feature on the island (Kindler
and Mazzolini, 2001). Altogether, these designations classify Stocking Island as a
young, very small, purely carbonate island hosting eolianites.
The climate of Stocking Island is subtropical, lying just north of the Tropic of Cancer,
and is characterized by warm (average of 28 °C in July) rainy summers with annual
rainfall of 77 cm, where the maximum rainfall occurs in June (Carew and Mylroie, 1997;
Vacher and Quinn, 1997). Wind patterns range from a northeastern trade wind in the
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summer to northwesterly winter winds generated by cold fronts originating from North
America (Kindler and Mazzolini, 2001).
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3.0 PREVIOUS WORK
Ancient carbonate rocks are composed of the stable minerals calcite and dolomite,
but recent analog sediments consist of the meta-stable minerals aragonite and low
magnesium calcite (Matthews, 1968). These meta-stable minerals remain chemically
unreactive in the marine environment as long as they are immersed in the high ionic
fluids of the ocean (James and Cholquette, 1990). The processes involved in carbonate
diagenesis are not completely understood. Dissolution and reprecipitation can generate
a diagenetic sequence in subaerial carbonates (Thorstenson et al., 1972). Precipitation
of cements in subaerial environments is highly variable with space and time and may be
controlled by solution rate and water movement (Pingitore, 1969).
Once exposed, shallow-water carbonate sediments are chemically reactive and
much of their diagenetic alteration and porosity development can occur prior to deep
burial (Longman, 1980). Diagenetic alteration can begin immediately in the marine
depositional environment. The lithification of chemically meta-stable carbonate
sediments involves the dissolution of aragonite and re-precipitation of magnesian calcite
(Walter, 1985). There are three chemical controls that determine the path and extent of
early diagenetic reactions, which include thermodynamic stability of the original
mineralogy of the grains, saturation state of the diagenetic fluid and the available
surface area on the grains for reaction (Walter, 1985). Heavily micritized grains
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increase the surface area available for dissolution which, in turn, increases both the rate
of dissolution and the reprecipitation of carbonate minerals.
3.1 Beachrock
In tropical and subtropical regions, widespread development of beachrock with
calcium carbonate cement, near the water table and intertidal zones, is a rapid process
and may form in less than 100 years (Hanor, 1978; Sealy, 2006). An experimental
study by Hanor (1978) of CO2 degassing and mixing of groundwater has shown this
process to be capable of generating enough cement to account for the formation of
beachrock.
During rainy seasons, freshwater infiltrates through carbonate sediments and during
drier months, beach groundwater becomes increasingly enriched with saline waters and
approaches the salinity of seawater. This mixing of saline waters and beach
groundwater results in a CO2-rich, carbonate-saturated groundwater. This CO2-rich
solution easily degasses and leaves behind the carbonate-saturated water where calcite
and aragonite cements may precipitate. Carbonate-cemented zones occur in back
beach areas as well as in the intertidal zones. These cements appear as magnesian
calcite and fibrous aragonite (Hanor, 1978).
Analogous cements were precipitated experimentally by Hanor (1978) by sampling
water from St. Croix, in the U.S. Virgin Islands, to imitate conditions which occur
naturally. Precipitates collected from glass containers left open to the atmosphere were
flat, crust-like aggregates of crystals. According to the experiment conducted by Hanor
(1978) the most rapid crusts of precipitates formed within 12 hours from both saline and
non-saline waters indicating that water salinity had little, if any, affect on carbonate

10

precipitate formation. It is highly probable that beach sediments cemented with calcium
carbonate are a consequence of CO2 degassing. All that is required is the movement of
calcium carbonate saturated waters into an area with sufficient residence time to allow
for degassing (Hanor, 1978).
3.2 Recent Oolitic Hardgrounds
Unlike beachrock, which occurs in intertidal zones, oolitic hardgrounds are generated
in deeper water. Intergranular cementation occurs in substantially agitated oolitic sands
resulting in the widespread generation of surficial oolitic hardgrounds at Schooner Cay,
Bahamas. Hardground generation occurs from the shore to approximately 16 km
offshore, ranging in water depth from 1-11 m (Dravis, 1978). In situ cementation of
hardground takes the form of two physiochemical cements, aragonitic isopachus fibrous
cements and bladed magnesium calcite, with the isopachus fibrous cements being the
most common. The isopachus fibrous cements are visible petrographically as porefilling cements. Cementation of hardgrounds is also accompanied by cements that are
a consequence of algae, accomplished by filament calcification. Endolithic algae can
extend its filaments through bored grains and trap fine sediment debris, thus causing a
mass of micrite on grain surfaces (Dravis, 1978).
Oolitic hardgrounds are generated by three types of oolitic sand accumulations
accompanied by active production of ooids. At Eleuthra Bank, Bahamas (Figure 1), the
most predominant are long linear shoals up to 7 m thick. Oolitic crusts appear to be
intermittently spaced crusts, but are actually laterally continual, only being hidden by
loose sediments. Crust thickness ranges from a few centimeters to tens of centimeters,
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as evidenced through hand probing with a metal rod, where cementation decreases with
depth (Dravis, 1978).
Unaltered skeletal debris from locally-produced conchs and tellins indicate rapid
incorporation into the hardgrounds. This debris is quickly bored and encrusted with
ooids thereby avoiding alteration. Evidence suggests that generation of oolitic
hardgrounds can be accomplished in a month or less (Dravis, 1978).
In a subaerial humid environment, cementation begins very quickly as well
(Matthews, 1968). Elevated surface temperatures, which aid in overcoming the
thermodynamic thresholds that restricts dissolution and precipitation, and abundant
rainfall, which aids in dissolution, are definite positive influences on the increasing
recrystallization and cementation (Matthews, 1968).
3.3 The Meteoric Diagenetic Environment for Limestones
Carbonate sediments remain relatively unchanged while they remain in their original
marine environment, but can undergo rapid and profound diagenesis when exposed to
circulating meteoric waters (James and Choquette, 1990). These diagenetic changes
are influenced by original mineralogy, grain size, climate, porosity and permeability.
The greatest factor controlling the diagenetic alteration of limestones is the original
mineralogy. Sediments composed of meta-stable minerals such as aragonite and
magnesium-rich calcites are the most reactive minerals in the meteoric diagenetic
environment. Sediments composed of these minerals are more reactive than sediments
primarily composed of more stable calcite (James and Choquette, 1990).
Grain size contributes to the variable rates of alteration by providing an increased or
decreased surface area available for reaction. Fine-grained sediments, including finely
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crystalline particles, are the most reactive due to their large surface area as compared
to their volume. Laboratory experiments have shown that the greatest influence in
dissolution rates are grain size and microstructure detail, which determine the surface
area of the carbonate grain (Walter, 1985).
The role of porosity and permeability is twofold. Porosity and permeability not only
control the rate fluids pass through the sediment, but they also dictate the amount of
contact time the fluid has with the sediment grains by holding meteoric fluids in place by
capillary forces (James and Choquette, 1990).

Environmental factors, such as

climate, can also regulate the reaction rate of the sediments. For sediments in tropical
regions, like the Bahamas, the reactions of the sediment to diagenetic alterations are
much more vigorous than in more arid regions. The difference in sediment diagenesis
rate for these two examples is the amount of available water (James and Choquette,
1990).
The groundwater zone of greatest importance for cementation in tropical settings is
the vadose zone, also known as the zone of infiltration, where complex carbonate-water
interactions take place as the meteoric water enters the carbonate sequence directly as
rain or runoff. In the vadose zone, meteoric water may move rapidly through the
sediment along joints, fissures or sinkholes or it may percolate downward, influenced
primarily by gravity. The pores in this zone are variably filled with meteoric water and
have increased contact time with the carbonate sediments (James and Choquette,
1990).
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3.4 Dissolution of Aragonite and Precipitation of Calcite
When meta-stable minerals, such as aragonite, are exposed to the circulation of
meteoric fluids, significant dissolution of the aragonite occurs followed by the
precipitation of low-Mg calcite. The texture and composition of a limestone is greatly
affected by the reactivity of the carbonate sediments during dissolution. Calcite
nucleation sites and micro-textures on the carbonate grains control the precipitation rate
for calcite (Walter, 1985). Nucleation sites are residual calcite crystals from the original
sediments. These are crucial for the precipitation of calcite cements by providing a
point for the initial growth of calcite as it precipitates from meteoric waters. Carbonate
minerals and meteoric water interaction can be represented by the general equation:
CaCO3 + H2O + CO2 = Ca2+ + 2HCO-3
The reactions represented by this equation are regulated by different equilibrium
constraints and proceed at different rates (James and Choquette, 1990). In nature, this
reaction follows the order of dissolution of carbonate, elemental oversaturation, and the
precipitation of a new mineral, but these events are governed by the kinetics of the
system. The entire reaction is controlled by the availability and introduction by any
means of CO2, which drives the equation to the right resulting in further dissolution of
CaCO3.
The dissolution of aragonite and precipitation of calcite can take place in situ. The
relative rate of groundwater or meteoric water movement controls the amount of
precipitated calcite (Harris and Matthews, 1968). If the waters move through the system
rapidly, only solution occurs, but if the saturated waters are held in place by capillary
forces or are allowed to percolate slowly through the sediments, precipitation will occur.
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Aragonite-to-calcite transformation is not only rapid, but is a very efficient reaction, as
demonstrated by Budd (1988). By monitoring pore water chemistry over the course of
one year, Budd (1988) found that almost all of the CaCO3 dissolved from the aragonite
was precipitated out in the form of calcite with only a very small amount lost.
Dissolution, also known as corrosion, of aragonite is accomplished in several ways.
Simple corrosion is the dissolution of aragonite by rainwater falling on bare rock. The
amount of CO2 dissolved in the rainwater is dependent on the CO2 partial pressure.
Since rainwater is in equilibrium with the atmosphere, the dissolved CO2 equals
approximately 0.03% by volume. The CO2 contained in rainwater creates an extremely
weak acid (James and Choquette, 1990). Biogenic corrosion is the corrosion of
carbonate sediments by CO2-enriched waters, which have been enhanced by the
presence of organic matter and respiration in the overlying soil.
Mixing corrosion can cause extensive alterations in limestones. Mixing corrosion
occurs when two solutions of meteoric water, where one is supersaturated and the other
is undersaturated with respect to CaCO3, are combined. The chemistry of the two
waters will equilibrate with dissolution occurring while the two waters are mixing (James
and Choquette, 1990).
The precipitation of low-Mg calcite can only occur during conditions of
supersaturation of aqueous CaCO3 (James and Choquette, 1990). This reaction is
governed first by the dissolution of carbonate, over-saturation and finally precipitation of
new carbonate. Since calcite is less soluble than aragonite at tropical atmospheric
conditions, the water becomes saturated with calcite first. The water comes into
equilibrium with respect to calcite causing the dissolution of the aragonite. Calcite is
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never completely dissolved because supersaturation with respect to calcite is achieved
and maintained by the dissolution of aragonite. The precipitation of calcite exceeds the
rate of calcite dissolution, resulting in the growth of the calcite crystals and the
continued dissolution of the remaining aragonite.
The process continues because saturation with respect to aragonite never occurs
due to continual precipitation of CaCO3 as calcite and only stops after the complete
dissolution of all the aragonite. This results in a complete change in mineralogy from
meta-stable carbonates to calcite. Dissolution is the precursor to all precipitation of
calcite and large amounts of water are not necessary (James and Choquette, 1990).
Not long after meteoric waters begin to percolate through the carbonate sediments,
small elongate or equidimensional calcite crystals precipitate out as cements on the
aragonite grains, in the pore space or where the original aragonite has been dissolved.
For the purpose of this paper, the term cement will refer to calcite crystals that
precipitate into the original pore space of the sediments.
Vadose cements precipitate out of the saturated waters when the water wets the
grains. Water percolation will follow preferential flow paths and result in irregular
distribution of cements. It is not uncommon in Pleistocene limestones to see wellcemented areas only millimeters away from areas that are poorly cemented. While
some cements may be in layers of equal thickness, which precipitate when the pores
are filled with water, most cements grow outward toward capillary water-air interfaces of
partially filled pores. These cements exhibit meniscus or pendant shapes (James and
Choquette, 1990).
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3.5 A 1,000-Year-Old Oolite
Examples of Pleistocene limestones created during subareal exposure are
widespread in the Bahamas (Halley and Harris, 1979). During the study of cementation
for Pleistocene limestones, important assumptions must be made about the lithifying
conditions including hydrologic setting, climate and sea level (Halley and Harris, 1979).
Relatively quick cementation, on the order of 1,000 years, has been reported on
Joulters Cays, Bahamas with cementation ranging between 27 and 55 cm 3/m3/yr (Halley
and Harris, 1979). Fourteen apparent radiocarbon dates from different bore holes
confirmed the age of the grain constituents in the limestone to be 1,000 years. Halley
and Harris (1979) projected complete alteration from aragonite-to-calcite for the
limestone at Joulters Cays in 10,000-15,000 years.
In 1,000 years, loose sediments have produced an oolite of aragonite sand with
calcite cements. Joulters Cays shoreline, containing meteorically-cemented rocks,
resemble beachrock, but they do not contain characteristic fibrous and micritic aragonite
and magnesium calcite cements of true beachrock (Halley and Harris, 1979).
Thin-sections were prepared by Halley and Harris (1979) from chips cut from cores.
Mineral identification, confirmed by X-ray diffraction, was made petrographically. The
carbonate cements described by Halley and Harris (1979) are blocky calcite and do not
contain enough iron to take a potassium ferricyanide stain which is used to distinguish
between carbonate materials containing small amounts of iron. Cement is localized
between grains when the pores were not completely filled. These cements, as
described by Halley and Harris (1979), are meniscus style cements which have grown
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to conform to the interface of air-water while the water was held in place by capillary
forces. Many of these cement crystals coat the ooid grains and do not bind the
limestone together. Taking the type of cement into account, samples taken from the
phreatic zone are much more friable than samples taken from the vadose zone even
though the volume of cement is roughly the same (Halley and Harris, 1979).
Thin-section evidence of dissolution of aragonite is rare in the oolite from Joulters
Cay, but is visible with scanning electron microscopy. The dissolution that may be seen
petrographically could be easily missed because it results in the removal of only 6-7
microns from the ooid surface. Dissolution of aragonite provides the needed materials
for the precipitation of calcite cements.
3.6 Rapid Freshwater Cementation
Dravis (1996) observed the case hardening (the cementation of the upper portion of
sediments) of Holocene sediments that were dredged from Exuma Sound, Bahamas to
be used as beach fill for the Cape Eleuthera Resort. The remaining sands were placed
on adjacent beaches to be used for borrow at later times. The case-hardened
sediments used for borrow were located on Schooner Cay complex of small islands
which were developed on Holocene tidal bars, not far from the Exuma Island chain.
From his initial visit to the island in 1974 to his return in 1983, the dredged pile had case
hardened to a depth of 10–20 cm.
Dravis (1996) noted petrographically that the cements were low-Mg calcite, derived
from very subtle partial dissolution of aragonitic ooids, which did not travel very far
before it reprecipitated as pore-filling cement. Cements precipitated at grain-to-grain
contacts between ooids and other grains. Although the case-hardened sediments
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required a hammer to break, there were relatively small amounts of cements visable
petrographically. He reasoned that since the sediments had not previously been
subaerially exposed, all dissolution and cementation were a result of freshwater
cementation accomplished since dredging and deposition.
Where Dravis (1996) noted significant cementation within 10 years, another dredge
pile, located on Stocking Island, Exuma, was used to quantify the rate of cementation in
cm3/m3/yr using the methods of Halley and Harris (1979). Kindler and Mazzolini (2001)
describe cementation extending to a greater depth, 80 cm, in a time span of about 70
years. It can be postulated, that if allowed to progress, the dredge pile on Eluethra
Island would display not only petrographic similarities to the dredge pile on Stocking
Island, but also similar cementation depths.
Kindler and Mazzolini (2001) calculated the rate of cementation in the Stocking
Island dredge pile as an average rate of 626 cm3/m3/yr as opposed to the rate
calculated by Halley and Harris (1979) of 27 to 55 cm3/m3/yr. The calculated
cementation rate of Halley and Harris (1979) in a 1,000 year-old oolite is an order of
magnitude less than the rate proposed by Kindler and Mazzolini (2001). However,
many petrographic findings of Kindler and Mazzolini (2001) parallel that of both Dravis
(1996) and Halley and Harris (1979), suggesting that the cementation processes in all
three of these locations is similar.
Kindler and Mazzolini (2001) primarily relied on thin-section petrography for their
study. Thin-section examination revealed continuous or partial rim cements made of
low-Mg calcite. Rimmed cements were concluded to have formed by a thin film of water
retained after initial dredging and dumping. The most common cement forms reported

19

by Kindler and Mazzolini (2001) are the bearded and meniscus cements, which are
typically associated with vadose cementation.
Dravis (1996) and Kindler and Mazzolini (2001) used their findings to come to
additional conclusions other than simply comparing individual results to that of Halley
and Harris (1979). Dravis (1996) concluded from his research that the Exxon sequence
stratigraphy model (SSM) for the reworking of sediments during sea level low-stands,
had obvious shortcomings when compared to his findings. The SSM proposes that
unlithified sediments are easily removed and preferentially shed from continental
shelves and margins during sea level low-stands and are thus not strongly represented
in seismic studies (Carter, 1998). Sediments can be lithified much more quickly than
previously modeled and sediments may not be shed from shelves as readily as
previously thought (Dravis, 1996). Kindler and Mazzolini (2001) asserted that their
findings refuted earlier evidence that eolianites are substantially reworked prior to
lithification.
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4. Methodologies
4.1 Field Work
Satellite images and GPS were used to identify and record six sampling locations
for the cemented dredge piles on Stocking Island (Figure 3). Excavations were taken
from the western to southwestern portion of the spoils pile. The primary reason for
concentrating sample locations along the southwestern edge of the dredge pile was the
vertical extent of the exposed dredgings. All other locations along the edges of the
dredge pile gently tapered to sea level. Without coring equipment, it was impossible to
sample these areas of the dredge pile. Additionally, to the northeast, locations from the
upper portion of the hydraulic gradient, or areas with the highest elevation
(approximately 3 meters above sea level), were sampled for evidence of dissolution.

21

Figure 3. Sample locations with letter designations on dredge pile with, west
side of Stocking Island, Bahamas.

Samples were taken in blocks measuring approximately 20 x 25 x 10 cm in vertical
increments from the surface at depths of 0, 3, 30, 60 and 90 cm as shown in Figure 4.
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Figure 4. Sampling depths at sample site EB: Outlines surrounding sample depth at
30 cm is the block used for laboratory analyses, prior to complete extraction.
Figure 4 is located approximately 30 m down-slope from the apex (sample site E in
Figure 3) of the dredge pile. The highest relief of the dredge pile is 3 m. However, the
apexes of two of the dredge pile lobes are approximately 2 m.
Samples from the dredge pile were hand excavated at the exposed edges of the
dredge pile to achieve fresh surfaces. After sampling, blocks were marked for
stratigraphic up allowing orientation during thin-section preparation. Samples were
additionally taken along the hydraulic gradient, with a flow direction of sampling points E
to A, as evidenced by apparent water flow during a rain event (Figure 3). Due to a lack
of coring equipment, the samples from the upper portion of the dredge piles near the
apexes were limited to the case hardened crust.
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4.2 Point Counting
One method to determine the amount of pore space and relative mineral
abundance is to point count thin-sections. Currently used methods of point counting are
based on the work of Delese (1848) where he recognized that the quantitative
mineralogy of a thin-section is based on an area-volume relationship. This relationship
was derived mathematically by Chayes (1956) where he stated that in a randomly
chosen area of rock, which may be represented by a thin-section, the ratio of the area of
a particular mineral to the area of all the minerals, or total area of the thin-section, is a
consistent estimation of the volume percent of the mineral in the rock (Galehouse,
1971).
Of the five most popular methods as outlined by Galehouse (1971), the most
common method used to determine mineralogical percentages is the Line Method. The
Line Method involves the counting of the number of various particles as the user
traverses the slide in predetermined, linear and consistent increments. This method
produces a grid in which elements of the thin-section that are present at the intersection
of the ocular crosshairs are counted. The number of counts recorded of a given
mineral, or pore space, is used to determine a mineral frequency and is then converted
to a percent abundance.
To determine mineralogy and mineral percentage abundance, ten thin-sections from
various locations and depths were prepared, stained for carbonate identification using
standard methods, and examined for comparison. One thousand points were examined
on each thin-section. The mechanical stage was moved in 0.03 cm increments
encompassing an area of 3 cm2.
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4.3 Bulk Density and Porosity
Bulk density calculations were performed on 10 samples. Samples were cut into
cubes and measured to calculate volume. Sample containers were weighed prior to the
samples being placed in them. Samples were then dried over night in an oven at 79°C
to remove moisture. After drying, the samples were weighed with their containers and
weight of the dried samples was determined. Equation 1 was used to calculate bulk
density from volume and weight.
[1]

Where:
= Bulk Density
= Mass grains
= Volume total

Porosity was calculated from dry bulk density using a modification of equation 2.
The original porosity equation as published by Davis (1954), assumes the presence of a
single mineral. It was necessary to alter the equation to account for the presence of two
minerals with differing densities. The resulting equation formula is shown as Equation
3. The densities for the mineral constituents are: aragonite (2.947 g/cm 3), calcite (2.701
g/cm3).
[2]
Where:
Φ = Porosity
= Bulk Density
= Density of Grains
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[3]

Where:
Φ = Porosity
= Bulk Density
= Grain Density of Aragonite
= Grain Density of Calcite
A = Percentage of Aragonite
C = Percentage of Calcite
4.4 Additional Testing
Chemical analyses using X-ray fluorescence were performed by the Geoanalytical
Laboratory at Washington State University. Loss on Ignition tests were performed prior
to X-ray fluorescence determinations.
Isotopic analyses were performed at the University of Michigan’s Department of
Geological Sciences Stable Isotope Laboratory for indications of freshwater
cementation. Carbon and oxygen isotopic abundances were determined from the
calcite cements and the aragonite grains by drilling out examples of typical calcite
cements and aragonitic grains from thin-section blanks with results reported as parts
per million (PPM) relative to PDB.
X-ray diffraction was used to determine mineral abundances for comparison to the
point counting results. X-ray diffraction was performed at the University of WisconsinMadison’s S.W. “Bull” Bailer XRD Laboratory. X-ray diffraction (XRD) studies at the
University of Wisconsin- Madison were done using a Scintag Pad V Diffractometer with
CuKα radiation, operated at 45 kV and 40 mA. The instrument uses a 1-mm divergence
slit, 2-mm incident scatter slit, 0.5-mm diffracted beam scatter slit, and 0.3-mm receiving
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slit. Scan parameters used were step sizes of 0.02° and a dwelling time of 2
seconds. Rietveld analyses were done using MDI Jade 9 software.
Scanning electron microscopy was used to randomly probe for dolomite at EPSC
Micro Analysis Facility at Washington University in St. Louis, Missouri. To further
pursue the possibility of dolomite, six samples were X-ray mapped, which is a method
used to qualify very small amounts of mineral constituents using an electron beam to
induce the emission of X-rays from bulk samples.
X-ray maps are created by an electron microprobe beam traversing a thin-section in
increments of 1 micron, or pixels. The intensity of the returning X-rays are counted and
assigned a value relative to other pixels counted. Following this procedure, areas with a
high intensity of a given element may be further investigated with an increased dwell
time. The detection limit for an SEM X-ray map is 1 weight percent (Friel and Lyman,
2006).
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5. RESULTS
5.1 Field Observations
The northern dredge piles on Stocking Island were deposited in four separate mounds
in a small bay on the lee side of the island (Figure 3). The aggregate of the pile is
approximately 350 m in length and in cross-section ranges from 50 m to 100 m wide
with an approximate height of 3 m near the centers (Figure 5). Figure 5 is sketched
from west to east and the hydraulic gradient flows from the 3 m apex to the edges along
the western and eastern portions of the dredge pile.

West

East

Figure 5. Sketch Cross-Section of Stocking Island Dredge Pile (not to scale)
The dredge piles are bounded on the east by a 30-m-high dune and on the west by
Great Exuma Sound. The eastern portion of the piles gently taper and terminate into a
lagoon abutted next to the dunes. The lagoon is a product of tidal influx of seawater
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and freshwater runoff from the main portion of the island. It appears that portions of the
seaward side of the dredge pile have been undercut by tidal action to form small
outcrops. Since the current tidal variation at high tide in Great Exuma Sound is 1 m,
direct erosion by routine tidal action is not likely to be the occurring because tidal
variations no longer contact the remaining edge of the dredge pile outcrop.
The four lobes were created by pump dredging as evidenced by oval shaped
depressions which resemble naturally occurring scour and fill marks associated with
storm deposits. The southernmost lobe contains corroded portions of support pillars
used during the pumping of the sediments. Grainflows are evident in the reversed
bedding and are consistent with what is to be expected from displacement of the
dredgings as the dredgings were deposited on the beach. Footprints and desiccation
cracks are preserved along the surface, supporting the conclusion that the upper-most
portion of the dredge piles were hardened and cemented very rapidly. The dredge pile
is entirely covered by a cemented crust 4-6 cm thick.
5.2 Petrographic Observations
Thin-sections prepared from samples taken from various locations and depths on the
Stocking Island dredge pile show these samples all share many similarities. The
lithified aragonitic sands are medium to fine sand-sized (approximately 250 microns
diameter), spherical to probate in shape, intermittently interspersed with small shell and
coral fragments, moderately sorted, heavily micritized, and contain varying amounts of
cements. The cements are 5-20 microns thick.
Consistent with the observations of Halley and Harris (1979) on Joulter’s Cays
Bahamas, apparent aragonite grain dissolution features are rarely observed
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petrographically. Upon careful examination, slight dissolution features are notable in
photomicrographs. More significant evidence of dissolution may be masked by the
heavy micritization of the aragonite grains. Because of the runoff channel separating
the piles from the main island, the source of the carbonate cements is assumed to be
internal to the dredge pile. Significant volumes of cement may be precipitated from the
dissolved aragonite without the display of large dissolution features (Halley and Harris,
1979).
Calcite cements are present as isopachus cements, extending from the grains,
bearded cements, meniscus, and pore-filling mosaic cements which grow at the grainto-grain contacts (Figure 6).
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Figure 6. Photomicrograph of Typical Cements at 30 cm depth from Site EB: (1)
Meniscus cement (2) Isopachus Cement (3) Pore-filling mosaic
(4) Bearded Cement
Thin-sections prepared from the upper portions of the dredge pile show more cements
of the mosaic pore-filling variety than the thin-sections prepared from greater depths of
the dredge pile. Volume and type of cements are consistent across sampled locations
at corresponding depths. Meniscus cementing at the grain-to-grain contacts decrease
with depth, but the volume of isopachus cements coating the grains appear to be
consistent across all thin-sections. Decreases in the amount of cement at grain-to-grain
contacts with increasing depth are shown in Figures 7, 8 and 9.
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Figure 7. Photomicrograph at 3 cm Depth from Site EB

Figure 8. Photomicrograph at 30 cm Depth from Site EB
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125 μ
Figure 9. Photomicrograph at 60 cm Depth from Site EB
5.3 Point Counts
Point counts were divided into three categories: pore space, grains or cement. The
number of counts for each of the constituents was converted into percent for five depths
across three locations. Results from the point counting performed on 10 samples taken
from Stocking Island are listed in Table 1.
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Table 1. Point count data for Stocking Island samples at various depths below
surface.
Counts

Point Count Percent

Sample
Depth
No.
(cm)
Pore Space Grains Cements Pore Space Grains Cements
EB-50701
0
131
558
305
13.1
55.8
30.5
E08B1
3
142
507
351
14.2
50.7
35.1
E08C1
3
142
468
350
14.2
46.8
35.0
EB-50702
3
185
516
299
18.5
51.6
29.9
E08A1
3
124
588
288
12.4
58.8
28.8
E08B2
30
128
524
348
12.8
52.4
34.8
E08A2
30
134
565
301
13.4
56.5
30.1
EB-0703A
30
202
549
249
20.2
54.9
24.9
EB-50704
60
171
514
315
17.1
51.4
31.5
EB-50705
90
300
435
265
30.0
43.5
26.5
Point count results reveal an average range of cements across all depths of 26.532.2% with, according to the point counts, the least amount of average cements
occurring at a depth of 90 cm. The greatest average volumes of cement were recorded
at a depth of 3 cm of 32.2%. Pore space remained relatively consistent across all
depths and locations. Volume percent of grains remained relatively constant over all
depths and locations, but included ooids, peloids, and coral and mollusk fragments.
The size of the coral and mollusk fragments exceeded the increment of stage
movement, 0.3 mm, on occasion, but it is not suspected that these rare occurrences
influenced the overall calculated percent occurrence of the grains. The largest amount
of pore space noted during point counts is at a depth of 90 cm. The 90-cm depth is also
one of the depths with a relatively small percentage of cement. In the counting of
volume of cements, distinction is not made between types of cements such as meniscus
cements verses cements at grain-to-grain contacts.
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5.4 X-ray Diffraction
X-ray diffraction (XRD) results indicate two categories: cements (calcite) or grains
(aragonite) and has a detection limit of 5%. The assumption made is that all calcite is
acting as the cementing agent for the dredge piles. According to XRD, the percent
calcite values are much more modest than the point count values. Percent calcite
abundance ranges from 7%, at the greatest depth of 90 cm, to the highest percentage
of 16.5%, at a depth of 3 cm. The amount of calcite shows a general trend of
decreasing with depth and is consistent between all locations. Table 2 details the
results from the XRD analyses.
Table 2. X-ray Diffraction Results (for same samples as shown in Table 1)
XRD Percent
Sample
Depth
No.
(cm)
Calcite Aragonite
EB-50701
0
14.7
85.3
E08B1
3
12.3
87.7
E08C1
3
16.5
83.5
EB-50702
3
16.4
83.6
E08A1
3
13.5
86.5
E08B2
30
9.5
90.5
E08A2
30
9.4
90.6
EB-0703A
30
14.8
85.2
EB-50704
60
12.0
88.0
EB-50705
90
7.0
93.0

.

5.5 Bulk Density and Porosity
XRD cannot identify or give a quantitative value for porosity. Bulk density testing

was used to verify the accuracy of the values for porosity obtained by point counting.
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Results are again reported by depth and ordered with increasing depth. Bulk densities
with their calculated porosities listed in Table 3.
Table 3. Bulk Density and Porosity (for same samples as shown in Table 1)

Sample
No.
EB-50701
E08B1
E08C1
EB-50702
E08A1
E08B2
E08A2
EB-0703A
EB-50704
EB-50705

Depth
(cm)
0
3
3
3
3
30
30
30
60
90

Bulk
Density
(g/cm3)
1.36
1.42
1.48
2.04
1.42
1.53
1.40
1.29
1.20
1.38

Bulk
Density
Porosity
%
53.4
51.2
49.1
29.9
51.4
47.8
52.3
55.5
58.7
53.1

Porosity values derived from bulk density testing range from a low value of 29.9%, at
3 cm in depth, to most porous sample (58.7%) at 60 cm depth. Halley and Harris
(1979) calculated the porosity of the Joulter’s Cay oolite at 55%. It must be noted that
some of the samples used to measure bulk density were small due to the lack of
available sample. The error increases with smaller samples arising from irregular
surfaces caused by cutting of the samples. Irregularities affect the calculation of
volumes used in the determination of bulk density and thus attribute to the variability in
the determination of porosity.
5.9 X-ray Fluorescence
X-ray fluorescence (XRF) tests performed by Washington State University identify
and quantify both trace and major elements in the samples taken from Stocking Island,
Bahamas. Initially, before XRF analyses are performed, all samples are baked to
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remove the water. The amount of water released and combustible organic content are
reported as a percentage as “loss on ignition” (LOI). The chemical composition values
attained through XRF are normalized to the LOI values for the purpose of determining
weight percent.
Table 4. Major Elements (weight percent)

EB-50701
EB-50702
EB-50703
EB-50704
EB-50705
E08A1
E08B1
E08C1
E08B2
E08A2

SiO2
0.4
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Al2O3
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

MgO
0.3
0.2
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3

CaO
54.0
54.2
54.1
53.7
53.9
53.9
53.8
54.0
53.9
54.1

Na2O
0.2
0.2
0.2
0.2
0.3
0.2
0.2
0.2
0.2
0.2

LOI
Sum (%)
55.0
44.0
54.6
44.0
54.6
44.0
54.2
44.0
54.5
44.1
54.4
44.0
54.3
44.1
54.5
44.0
54.4
44.0
54.6
43.9

All samples contained a significant amount of water. The average values for LOI is
44%. All samples show a consistent chemical composition with the major component
being CaO. The CaO content of the samples is approximately 54% before being
normalized with respect to LOI value and constitutes over 98% of the sample after being
normalized.
Aside from the major component CaO, the only other significant element associated
with these samples is strontium. Strontium values exceed 8,000 ppm and approach
8,500 ppm in one of the samples (Table 5). The total amount of strontium in the
samples is almost fully 1% by total weight. This value for a trace element exceeded the
standards used by Washington State University and required that a special compound
of strontium be prepared to calibrate the XRF instrument.
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Table 5. Strontium Content (parts per million) (Same samples shown in Table 1)

EB-50701
EB-50702
EB-50703
EB-50704
EB-50705
E08A1
E08B1
E08C1
E08B2
E08A2

Sr (PPM)
7893
8125
8166
7995
8187
8355
8107
8199
8131
8443

5.7 Isotopic Analyses
Carbon and oxygen isotope values were measured for 10 samples from various
locations and depths. Attempts were made to isolate the cements from the grains for
independent isotopic measurements for each. However, this separation could not be
accomplished using standard drilling techniques because the volume of cements were
too small to isolate and the thin-section blank was impregnated with white epoxy making
the cements almost indistinguishable from the grains. All reported results are from bulk
samples and include both cements and grains. Results for the 10 samples sent for
analyses are reported in Table 6.
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Table 6. Isotopic Analyses Results (for same samples as shown in Table 1)

EB-0701
EB-0702
E08A1
E08B1
E08C1
E08A2
E08B2
EB-0703
EB-0704
EB-0705

Depth (cm)
0
3
3
3
3
30
30
30
60
90

C‰
4.68
4.66
4.74
4.65
4.71
4.78
4.76
4.87
4.88
4.91

O‰
0.24
-0.33
0.31
0.12
-0.33
0.11
0.01
0.20
0.04
0.21

Both carbon and oxygen isotope values were consistent across all samples. An
attempt was made to correlate oxygen values and depth. However, there is no
apparent correlation between depth and carbon or oxygen isotope values.
5.8 X-ray Mapping
During initial thin-section inspection, numerous areas adjacent to supposed calcite
cementing crystals did not readily accept alizarin red stain. These isolated crystals
appear to be euhedral and rhomboidal in shape. The combination of lack of stain
acceptance and shape suggest the possible formation of dolomite or some other
carbonate mineral in the dredge piles.
Round and highly polished thin-sections were prepared and taken to Washington
University in St. Louis, Missouri. Three thin-sections were examined and probed using
a scanning electron microscope (SEM). Randomly probing for isolated crystals proved
to be ineffective and it was determined that in order to confirm or eliminate the presence
of significant dolomite, microprobe analyses producing an X-ray map of the polished
thin-sections were completed.
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Six samples were X-ray mapped. These samples comprised two depths at three
different locations. Depths of 3 cm and 30 cm were chosen because, in stained thinsections, the presence of unstained crystals appeared isolated to these two depths. No
elevated levels of Mg or dolomite crystals were identified during mapping using a pixel
size of 1μ and a detection limit of 1 weight percent.
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6. DISCUSSION
6.1 Mineral Abundance Differences: Point Counting vs. X-ray Diffraction
Values in mineral abundance attained through point counting and X-ray diffraction
(XRD) vary significantly. In order to compare data obtained through XRD to point
counting, it was necessary to remove counts for pore space volumes.
Percent mineral occurrence data for the point counting method was determined by
taking the grain values and dividing by the grain counts plus the cement counts from
Table 1. This process was repeated for cement count values. The differences in
percent mineral abundance, as determined by point counting versus XRD, range from
approximately 15% to 31%. The two methodologies are compared in Table 7.
Table 7. Differences Between X-ray Diffraction and Point Counting Values
Point Count Percent
Sample
No.

Depth
(cm)

Aragonite

Calcite

XRD Percent
Aragonite

Calcite

EB-50701

0

64.7

35.3

85.3

14.7

E08B1

3

59.0

41.0

87.7

12.3

E08C1

3

57.2

42.8

83.5

16.5

EB-50702

3

63.3

36.7

83.6

16.4

E08A1

3

67.1

32.9

86.5

13.5

E08B2

30

60.1

39.9

90.5

9.5

E08A2

30

65.2

34.8

90.6

9.4

EB-50703

30

68.8

31.2

85.2

14.8

EB-50704

60

62.0

38.0

88.0

12.0

EB-50705

90

62.1

37.9

93.0

7.0
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Using the line method for point counting, where counting is done in a systematic
traverse, the counting of a constituent that is beneath the microscope ocular cross hairs
is a yes or no observation and fulfills the requirements of a binomial distribution. Since
in this case there are only three possibilities (grain, cement or pore space) and the
percent abundance of the grains and cements make up less than 55% of the rock, the
standard deviation for point counting is ± 9.4% for each individual constituent (Dennison
and Shea, 1966). When dealing with a small percentage of the entire composition of
the sample, as with the cements, a standard deviation of 9.4% can be considered a
significant margin of error, but the most uncertainty involved for the accuracy of point
counting lies in the accurate measure of pore space versus percent occurrence of
aragonite and calcite. When estimating pore or cement volumes, point counting error
may exceed 100% (Halley, 1978). This error is due to two factors, firstly that some
porosity is too small to be observe in a light microscope, and secondly the standard
thickness of a thin-section, 30 microns, introduces edge effects which lead to the over
estimation of mineral cements and grain abundance.
A light microscope is sufficient to count porosity between 5-15 microns using an x50
objective (Halley, 1978). When dealing with carbonates, and especially with heavily
micritized grains, a considerable amount of porosity is smaller than 5-15 microns
(Halley, 1978). Porosity may also be masked within the grains themselves as
submicroscopic porosity. The amount of porosity within the grain depends on the
arrangement and packing of nannograins (Halley, 1978). Scanning electron microscope
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studies of oolite from the Bahamas returned a value of 10% porosity of pores less than
1 micron (Halley, 1978).
Another significant source of error in calculating porosity by using point counting is
the introduction of edge effects. When point counting, the operator must assume that
the constituents being counted are an accurate representation of three dimensions in a
two dimensional plane. However, thin-sections are typically 30 microns thick. If any
portion of these 30 microns is occupied by a grain, then the point is counted as a grain.
This thickness distorts the true counts. What appears to be a grain or cement lying
beneath the crosshair may actually be lying beneath a pore space. This scenario holds
true for mineral cements and grains which results in the miscounting of constituents
(Halley, 1978). This problem increases when the grain size is reduced and the pore
space is less than 30 microns, where the pore space may become completely hidden.
When cement volumes are added as a coating to the grain, the result is an
overestimation of the actual volume of cement and can result in an overestimation of
cement up to 40%. These factors may combine to misrepresent the counts as much as
80-120% (Halley, 1978).
While point counting may offer a quick and economical initial analyses of
petrographic properties, the inherent error associated with point counting makes these
analyses less than ideal for dealing with small volumes of cements and relative high
porosity volumes. Since XRD percentages are calculated from weight and not volume
like thin-section point counting, porosity figures must be acquired using another
technique. Microscopic porosity can be accounted for accurately by calculating porosity
from bulk density (Halley, 1978). The standard deviation for porosity calculations for
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carbonates from bulk density is 2.4% (Davis, 1954). Table 8 shows relative
abundances of aragonite and calcite from XRD and porosity calculated from bulk
density at one location on the Stocking Island dredge pile.
Table 8. Mineral Abundance (XRD) and Calculated Porosity Values
% Mineral
Abundance XRD
Sample
No.

Depth
(cm)

Aragonite

Calcite

Porosity
%

EB-50701

0

85.3

14.7

53.4

EB-50702

3

83.6

16.4

29.9

EB-50703

30

85.2

14.8

55.5

EB-50704

60

88.0

12.0

58.7

EB-50705

90

93.0

7.0

53.1

Volume of calcite cements decreases with increasing depth which is consistent with
field observations of strength and the petrographic estimations. While removing and
handling samples taken from the Stocking Island dredge pile, it was noted that the
samples became increasingly friable with depth. During initial thin-section observations,
the decrease in the volume of mineral cements with increasing depth is obvious. Visual
petrographic observations have been widely used in geology for quickly obtaining
relative abundances using a Graeco-Latin Square (Dennison and Shea, 1966). In a
Graeco-Latin Square, a numbered grid is laid out over the sample and estimates are
made for each constituent. These estimates are the added together to express a total
mineral abundance for each constituent. This method has an associated error of
greater than 35% for each constituent, but is reasonably reliable for relative abundances
(Dennison and Shea, 1966).
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With the exception of sample EB50702, all porosities fall within the standard
deviation of calculated porosities in Table 3 as describe by Davis (1954). Since porosity
is created and destroyed by the dissolution of aragonite and the precipitation of calcite
respectively, porosity should remain relatively constant throughout the stabilization of
aragonite-to-calcite conversion. The porosity should remain relatively consistent even
though the specific gravities differ. The volume of calcite is still minor when compared
to the overall volume of the rock when the accuracy of the methods used are taken into
consideration. Sample EB50702, taken from 3 cm depth, shows the greatest volume of
cements, as well as the least amount of porosity. While it is reasonable that an increase
in calcite cement could result in a slight decrease in porosity, the decrease in porosity
value shown in Table 8 is substantial for a minor increase in calcite cement. This
inconsistency calls into question the porosity value calculated for sample EB50702, but
may be explained by the possible source of error discussed in Chapter 5.
The extensive network of dessication cracks, observed on the surface of the dredge
pile, allow for shorter residence time of rainfall at the surface. Here, meteoric water
would move rapidly through the surfacial portion and result in rapid dissolution, but little
precipitation of the calcium carbonate. Predictably, the volume of cement is lower at the
surface than that seen at the 3 cm depth. Volume of calcite cements observed in XRD
decrease from the highest values at 3 cm depth through the lowest sampled depth at 90
cm.
6.2 Dissolution, Precipitation of Calcite, and Cementation
The micritization of carbonate grains results in a finer crystalline microstructure
which increases the surface area available for aqueous contact and provides for more
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rapid dissolution than a carbonate grain with a smoother surface (Walter, 1985). As
evidenced by the photomicrographs of the samples taken from the Stocking Island
dredge pile (Figure 6), these grains are heavily micritized allowing for an increased rate
of dissolution.
When metastable sediments become exposed to the meteoric environment,
dissolution of aragonite is accompanied by the precipitation of low-Mg calcite cement.
Laboratory dissolution experiments using naturally-occurring sediments support the
argument that dissolution rates and cement precipitation rates can be more strongly
influenced by carbonate grain microstructure than by mineralogy (Walter, 1985). The
textural characteristics and the ultimate composition of a limestone are influenced by
the relative reactivity, and ultimate dissolution, of the carbonate grain and the presence
of microcrystalline calcite nucleation sites available both in the pore spaces of the
sediment and on the grain (Walter, 1985).
Grains with extensive microstructures will readily dissolve and will be preferentially
cemented due to the abundance of calcite nucleation sites on the surface (Walter,
1985). Microcrystalline calcite is present in seawater and would have been deposited
along with the carbonate grains in the dredge pile on Stocking Island. Most carbonate
sediments have a homogenous distribution of calcite nucleation sites from the beginning
(Matthews, 1968). The seawater pumped along with the sediments onto Stocking
Island would have been supersaturated with respect to calcite, thus increasing the rate
of dissolution in the heavily micritized grains. The introduction of meteoric waters
induces an aqueous phase, without which the transformation from aragonite-to-calcite
cannot occur at sedimentary temperatures and pressures (Matthews, 1968).
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Availability of calcite nucleation sites and meteoric water flow are the controlling
factors in the equilibration of aragonite-to-calcite. The aspect of water flow is important
to the kinetics of the system. If there is little to no water flow, dissolution of aragonite
will occur, but the growth of calcite cements will be slow. Conversely, if water flow is too
rapid, then the dissolved CaCO3 will be flushed out of the system and precipitation of in
situ calcite cements will not proceed. With moderate rates of water flow, dissolution of
aragonite and the precipitation of calcite can occur concurrently and with great
efficiency (Walter, 1985). The efficiency of modern aragonite-to-calcite transformation
has been documented in Barbados at greater than 90% (Harris and Mathews, 1968).
The Stocking Island dredge pile is well flushed with meteoric water. Personal
observations during a summer rain storm showed that rainwater flows through the
dredge pile readily and discharges at the base of the pile during strong rain events.
Meteoric water moves vertically through the dredge pile and also laterally to some
extent. It is reasonable to conclude that during lesser rain events, meteoric water would
take a similar path at a much slower rate.
This proposed flow path would suggest cementation of the dredge pile should
proceed from the top down. During a lesser rain event, meteoric water would slowly
percolate down through the dredge pile. Also, during lesser rain events a greater
amount of water may be held in place by capillary forces. The kinetics of the system
would predictably allow for the greatest dissolution at the surface and the greatest
cementation in the upper portion of the system due to the increased residence time of
calcium carbonate enriched meteoric waters.
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Calculation of rate of cementation, as performed by Halley and Harris (1979), is a
three step process and requires knowledge of porosity and percent abundance of the
remaining aragonite and precipitated calcite. To work the calculations, the depth with
the fastest cementation rate, using approximate values, at 3 cm will be used. It is
assumed that the original sediment was comprised entirely of aragonite. Subtract
porosity (30%) from 100% and calculating volume of aragonite in each cubic meter
yields

106 * ( 1 - (30 * 0.01)) = 701,100 cm3
of aragonite. In 65 years, 16% has altered to calcite, or
0.16 * 701,100 cm3/m3 = 114,980 cm3/m3
of calcite. Therefore in a single year the amount of calcite produced is
114,980 / 65 = 1054 cm3/m3/year.
Results for the calculation of rate of cementation per year are given in Table 9.
Table 9. Cementation Rates for 5 Depths at Site EB
Cementation
Rate
Sample
No.
EB50701
EB50702
EB50703
EB50704
EB50705

Depth
(cm)
0
3
30
60
90

(cm3/m3/yr)
1054
1769
1013
762
506
1021 Avg

Cementation rates range from 506 - 1,769 cm3/m3/year with fastest rate
corresponding with the 3 cm depth and the slowest rate at a depth of 90 cm.
48

Undoubtedly, the depths reached through water percolation and the saturation of
CaCO3 influence lessened the cementation rate at greater depths. Halley and Harris
(1979) found a similar relationship of cementation decreasing with depth with a range in
cementation of 25-55 cm3/m3/year which was averaged over a 1,000 year time span.
Halley and Harris (1979) documented a variation in cementation of 100% while the
dredge pile on Stocking Island exhibits a variation of cementation greater that 300%.
The results here suggest a possible initial cementation rate several times higher than
that documented by Halley and Harris (1979).
Kindler and Mazzolini (2001) similarly calculated the cementation rate of the dredge
pile on Stocking Island to be substantially greater than that of Halley and Harris (1979).
The average rate of cementation across the six depths samples by Kindler and
Mazzolini (2001) was 626 cm3/m3/year with a range of 238-897 cm3/m3/year. As with
this study, Kindler and Mazzolini (2001) documented less cementation with increased
depth. The differences in calculated cementation rate for the same dredge pile are,
however, significant. The cementation rate found here is twice that found by Kindler
and Mazzolini (2001). Due to the lack of specific site locations published by Kindler and
Mazzolini (2001), it is impossible to ascertain where along the dredge pile they collected
their samples. Attempts to correlate cements across various locations were not made
by Kindler and Mazzolini (2001). Additionally, Kindler and Mazzolini (2001) only used
values obtained by point counting for aragonite, calcite, and pore space. As
documented here previously, results relying on the point counting method may often
times be susceptible to considerable error.
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6.5 X-ray Fluorescence
All aragonitic sand found in the dredge pile on Stocking Island, Bahamas would have
been in equilibrium with ocean water with respect to strontium when it was removed
from the marine environment. XRF values for strontium for the pump dredged sediment
measured 8,500 ppm. Reported value for strontium content of ocean water in the
Bahamas is approximately 10,000 ± 1,000 ppm (Kinsman, 1969). Relating to the
change from aragonite-to-calcite, the most general trend in carbonate sediments is the
loss of strontium. The maximum loss of strontium occurs very early in the diagensis of
carbonates (Kahle, 1965). As aragonite is dissolved, strontium is released into the
system. Since strontium is diadochic in aragonite in much greater amounts that calcite,
the original amount of aragonite has an effect on the total amount of strontium in the
system (Kahle, 1965).
Kinsman (1969) reports in an open system, such as present in the dredge piles,
strontium content of precipitated calcite should increase with depth. As water
percolates down through the system, strontium is dissolved into solution as the
aragonite is dissolved in the upper portion of the dredge pile. Though not measureable
in the samples from the Stocking Island dredge pile, according to data available from
Kinsman (1969) the strontium content of the precipitated calcite should be in the range
of 350 – 1,400 ppm with values for the strontium contained in the calcite increasing with
depth. For the Stocking Island dredge pile, total Sr content follows the trend of
increasing with depth (Figure 10). Total values from strontium increase from 7,893 ppm
at the upper end of the system to a high value of 8,443 ppm at the greatest depth.
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Average Strontium vs Depth
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Figure 10 Strontium vs. Depth: Increasing strontium content of carbonate sediment in
the Stocking Island dredge pile with increasing depth. Strontium content listed in Table
5.
The dredge pile on Stocking Island is in the very early stages of its diagenetic
history, therefore, the Sr values should decrease to the established normal value of
approximately 610 ppm. In a stable limestone the average loss of strontium in
Bahamian Pleistocene sediments is 4,000 ppm (Kahle, 1965). Kahle (1965) also states
that the loss of water, which results in a change of pore water chemistry, accelerates
the loss of strontium. The consolidated sediments of the dredge pile still contain a large
amount of water, as evidenced by the LOI tests, which suggests that the loss of
strontium should accelerate as the spoils continue toward mineralogic stabilization.
During the precipitation of calcite, much of the strontium is not incorporated into the
calcite lattice which would cause a high Sr/Ca ratio, therefore, much of the strontium
may be precipitated as celestite during the evaporating of seawater (Helz and Holland
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1965). During the initial dewatering of the dredge pile, the concentration of evaporating
seawater and the high strontium content could have favored the formation of celestite.
Another mineral that can be precipitated from the dissolution of aragonite during the
early stages of diagenesis is strontianite. During the reduction of the Sr/Ca ratio, as
would happen during the rainy season in the Bahamas due to an increase in average
rainfall, the recrystallization of aragonite-to-calcite can produce strontianite locally (Helz
and Holland, 1965). Both of these chief strontium minerals, the carbonate, strontionite
and the sulfate celestite, are rhombohedral in habit. The suspected presence of these
minerals could also explain the origin of the euhedral crystals in thin-section which did
not readily accept the red stain. The strontium content of the dredge pile is less than
1%, suggesting that any strontium mineral formed would be less than the detection limit
of the XRD, likely why no strontium minerals were detected.
6.4 Isotopic Analyses
Given the relative volume amounts of grains and cements, the dominant signature
for both carbon and oxygen isotopes is from the grains. Originating in the sea, the
grains should be in equilibrium with atmospheric CO2. For the Bahamas, the δ13C
values range from +2 to +5 ‰ (Tucker and Wright, 1990). Carbon isotope values for the
10 samples average +4.8 ‰, which reflect this equilibrium.
The dredge piles are not overlain by soil or any vegetation other than a minor
amount of algae growing on the uppermost surface. Tropical grasses found in most
carbonate soils use a photosynthesis process known as the Hatch-Slack cycle, also
known as the Kranz Cycle. A soil originating in a tropical region with tropical grasses
should have δ13C value of -12 to -14 ‰ (Tucker and Wright, 1990). The average δ13C
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value of the dredge pile is +4.8 ‰ and is expected for a formation with no soil and
dominate marine signature of the grains.
Indications for a calcite spar which is a product of burial diagenesis has a different
oxygen isotope value than calcite cements which are not products of burial diagenesis.
Calcite spar originating from burial diagenesis is generally depleted in δ18O as
compared to marine or earlier meteoric cements. Meteoric cements also become
depleted in δ18O with depth. δ18O in carbonate burial cements range from -2.5 to -12.4
‰ (Tucker and Wright, 1990). The average δ18O value for the dredged sands is 0.06 ‰
with only one sample containing a negative value. It is possible that with coring
equipment capable of reaching a greater depth, or with additional samples, a trend
showing lighter oxygen isotope values for the more shallow calcite cements and a
heavier oxygen isotope value for the calcite cements at greater depth would become
apparent. However, with the data available and the lack of the ability to isolate the δ 18O
value for the cements, this general trend is not observable.
The isotope values for the samples taken from the Stocking Island dredge piles are
limited by the fact that there is no soil cover. The lack of soil cover makes the isotope
values between marine and meteoric waters indistinguishable.
6.6

Implications for Sequence Stratigraphy

The efforts of Peter Vail and his team at Exxon led to the publication, by Payton
(1977), in which he describes the results of proprietary research to model a history of
global sea-level fluctuations. The results became widely known as the Exxon sequence
stratigraphy model (SSM). The Exxon SSM describes sediments deposited during a
cycle of sea-level change into four distinctive system tracts which are defined by
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geometrically separated bodies of sediments. The four main geometries, known as
tracts, are: (a) lowstand system tracts, when the shoreline is below the shelf-break, (b)
transgressive system tracts, when sea-level is rising, (c) regressive system tracts, when
sea-level is falling, and (d) high-stand system tracts, when sediments are mostly
deposited during a sea-level peak (Carter, 1998).
Carter (1998) concludes that the SSM is a prediction of the preserved architectural
model of a single cycle of global sea-level change and corresponds well with the
patterns of facies changes within sea-level cycles. Carter (1998) further attests that the
SSM is a robust interpretive tool which can be applied to all sedimentary strata of all
ages.
However, according to the original SSM, no sediments are deposited and recorded
during the falling part of sea-level change. This time only represents periods of erosion.
Following the line of reasoning of Dravis (1996) and in light of this study, it is reasonable
to conclude that, in fact, at least some of the sediments deposited during the regressive
portion of sea-level change may be preserved because of rapid cementation of
carbonates. This preservation of sediments could be misinterpreted as a transgressive
sequence. The sediments on Stocking Island lithified quickly enough to preserve
human footprints in the dredge pile. The rate of cementation can be so rapid that
measureable quantities of cement can be precipitated in just a few years which would,
at least locally in similar climates, prevent the sediments from eroding back into the sea.
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7.0 SUMMARY
The dredge piles on Stocking Island offer a unique opportunity to research the early
stages of the diagentic processes involved in the creation of limestones. Without relying
on carbon dating or other relative dating methods, these deposits are dated in definitive
years rather than approximations.
Samples were taken from six locations of the dredge piles. X-ray diffraction
confirmed that the components comprising the dredge pile are aragonite and calcite.
The volume of calcite cements decreases with depth which corresponds to a significant
reduction in rock strength.
Point counting is an economical way to attain initial estimates of mineralogy and
mineral abundance. However, limitations exist as to the accuracy and reliability of
basing all conclusions on petrographic evidence alone. In thin-section, grains tend to
be overestimated and pore space can go undetected. Pore space within the grain is not
counted as well as any porosity smaller than five microns.
The chemical abundance of Sr minerals may affect the identification of mineralogy
through standard staining techniques. The presence of 1% Sr and the early diagentic
history of the sediments comprising the dredge pile on Stocking Island indicate the
possible presence of strontianite and/or celestite. The total visual evidence of these two
minerals is less than 1% and well below the detection capabilities of XRD.
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By sampling multiple locations, commonalities between specimens could be
observed petrographically. Thin-sections prepared from depths of 0, 3, 30, 60 and 90
cm displayed cements created in the meteoric diagenetic environment. Sparry calcite
cements ranging in size from 5-20 microns appeared as meniscus, isopachus, bearded
and pore-filling mosaic vadose cements with the meniscus cements occurring first.
Cementation can begin very quickly in both the marine and meteoric environments.
The evidence provided in this study support the conclusions that not only does
cementation begin almost immediately, as evidenced by preserved footprints and scour
marks, but may progress at a much faster and greater rate than previously documented.
On the Stocking Island dredge piles, cementation is progressing from the top-down with
a range of cementation from 506 - 1,769 cm3/m3/year and an average cementation rate
of 1,021 cm3/m3/year. This quick cementation rate calls in to question the absolute
assertion of the SSM that no evidence of sea level low-stands are recorded because
loose sediments are preferentially shed during low-stands. The conversion of
aragonite-to-calcite is proceeding and it is anticipated that mineralogical stabilization will
follow.
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